Introduction
============

Biosynthetic cost minimization in microorganisms is a reduction in amino-acid biosynthetic costs to maximize central metabolic costs and is thought to be a necessary, adaptive strategy under resource limitation in natural environments ([@bib34]). Thus, microorganisms generally first use amino acids with lower molecular weights and lower assimilation costs, especially in less critical protein domains ([@bib2]; [@bib13]). Much of the ocean is resource limited, especially in nitrogen (N) and iron (Fe). Fe availability limits nitrate utilization and primary productivity in the ocean ([@bib26]; [@bib30]). Low or fluctuating N availability results in multiple N-saving strategies in *Prochlorococcus* ([@bib25]; [@bib17]). Here we show that in oligotrophic, open-ocean regions of low N or Fe, there is a preferential reduction in N side chains compared with carbon (C) in amino-acid sequences, with a concomitant increase in the average mass of proteins. These findings, derived from 41 Global Ocean Survey (GOS) sites (more than 20 million protein fragments) and whole-genome sequences, suggest the importance of N limitation as a selective force on molecular evolution of codon usage and protein atomic composition in microorganisms that are well adapted to oligotrophic ocean conditions.

Why might N cost minimization be so important in the ocean with myriad adaptational strategies available to organisms? The dominant form of N in the modern ocean is nitrate, and mean annual concentrations in the open ocean are low ([Figure 1](#fig1){ref-type="fig"}). The ratio of available N to phosphorus (P) in the oceans is modulated across geological timescales by N fixation, which, in turn, is controlled by the oxidation state of the ocean and supply of trace metals---especially Fe ([@bib14]); P availability is a function of continental weathering and fluvial discharge ([@bib8]). In areas not impacted by significant N discharge, net N fixation is less than denitrification, causing the dissolved pool of inorganic nutrients in the ocean to be slightly enriched in P compared to N ([@bib14]). Thus, it is assumed that most of the modern ocean is oligotrophic and in a perpetual state of N deficiency---areas of exception include upwelling zones and large parts of the Southern Ocean ([Figure 1](#fig1){ref-type="fig"}). The tropical Pacific, for example, is warm, stratified and oligotrophic, with low levels of nitrate and Fe ([@bib5]). The Sargasso Sea in the Atlantic Ocean is an oligotrophic subtropical gyre where P and N at various times of the year are limiting ([@bib40]). Areas of excess inputs of N include coastal margins where nutrient runoff results in eutrophication ([@bib39]).

In general, organisms in the open-ocean surface struggle to acquire enough N and have acquired or evolved metabolic adaptations such as the ability to transport amino acids into the cell with high affinity, the use of various inorganic N sources or, in the case of diazotrophs, the ability to reduce N~2~ to ammonia. These strategies are most effective when coupled with rapid, energy-saving adaptations---organisms assimilate highest-energy substrates first or store excess nutrients. When ammonium is available, for example, the diazotroph *Trichodesmium* limits N fixation, saving ∼16 mol of ATP per mol of N~2~ fixed ([@bib28]). Under N limitation, *Prochlorococcus* CCMP1986 (=MED4) quickly downregulates N-rich translation proteins, which differs from the strategy employed by the MIT9313 strain ([@bib17]). Regardless of the individual nutrient acquisition and assimilatory strategy, the longer-term evolutionary strategy and selective pressure that time in low-nutrient environments exerts is for organisms that face even transient nutrient stress to minimize usage of those compounds in proteins. This phenomenon should be particularly evident in marine microorganisms that inhabit oligotrophic waters. *Escherichia coli* and *Saccharomyces cerevisiae*, for example, have reduced C, sulfur and N in respective assimilatory proteins; this is an imprint on amino-acid composition from evolutionary nutritional constraints ([@bib4]). We hypothesized the extent of N cost minimization to be pervasive in genomes of open-ocean microorganisms---proteins vital for survival in these oligotrophic conditions would be especially limited in N side-chain usage.

Open-ocean (oligotrophic) and coastal-ocean (copiotrophic) communities of microorganisms have adapted to their respective environments through a combination of genomic architecture differences ([@bib22]) and metabolic (gene-specific) differences that confer advantages under different environmental conditions ([@bib31]; [@bib18]). For example, closely related *Prochlorococcus* species are differentially adapted to surface-ocean/high-light and deeper-water/low-light conditions ([@bib31]), temperature ([@bib20]) and Fe ([@bib33]). Oligotrophic organisms tend to use broad-specificity, high-affinity transporters in comparison with copiotrophs that often contain myriad high-specificity transporters ([@bib22]). Competition for resources makes high-affinity ABC transporters some of the most abundant proteins in nutrient-poor waters of the Sargasso Sea ([@bib37]).

Biosynthesis of amino acids makes up a considerable portion of the cell energy budget ([@bib1]), yet few data are available on cost minimization in oligotrophic environments. The atomic composition of proteins reflects the assimilatory costs of nutrients. Organisms that are persistently resource-limited should have protein atomic compositions that reflect this selection pressure. Thus, the success of oligotrophic organisms---as varied as the diazotroph, *Trichodesmium*; the abundant, diverse cyanobacteria, *Prochlorococcus;* or the ubiquitous ultramicrobacterium, *Candidatus Pelagibacter ubique*---is due to a combination of multiple, short-term adaptational mechanisms for dealing with changing environmental conditions coupled with long-term genomic changes to enhance metabolic efficiency, streamline metabolism and reduce cellular costs. In systems that are N-limited over long timescales, this involves efficient N cost minimization of amino acids in proteins and thus favors low G+C codon usage ([@bib7]). This effect is exaggerated compared with the organisms from environments with moderate relief from resource limitation, because these adaptations must come at a cost to other aspects of fitness.

Materials and methods
=====================

Marine microbial genomes
------------------------

The Moore Marine Microbial data table, containing a list of marine microbes and pertinent information regarding them, was downloaded on 17 August 2010. The 139 available draft genomes from the Moore table and *Bermanella marisrubri* were downloaded from the National Center for Biotechnology Information on 18 August 2010. Nine available completed reference genomes from the Moore table were downloaded from GenBank on 1 July 2010: *Ca. Pelagibacter ubique* HTCC1062, *Prochlorococcus marinus* MIT9215, *P. marinus* MIT9312, *P. marinus* MIT9313, *P. marinus* NATL1A, *P. marinus* NATL2A, *P. marinus* CCMP1375, *P. marinus* CCMP1986 and *Trichodesmium erythraeum* IMS101. Not all sequenced marine microbes are found in the Moore table, but it is a good representation of cultivable marine microorganisms.

PathoSystems Resource Integration Center genomes
------------------------------------------------

The 890 available complete genomes from the PathoSystems Resource Integration Center ([@bib36]) database were downloaded on 4 October 2010. Complete genomes were identified by cross referencing with the genomes online database ([@bib24]) downloaded concurrently.

Environmental data
------------------

All individual GOS for metagenomes and corresponding information were downloaded from the Community Cyberinfrastructure for Advanced Microbial Ecology Research & Analysis database on 9 June 2010. All collection sites that were described as coastal or open ocean were used for analysis, with the exception of GS001a and GS001b given potential contamination, and GS117b and GS000b--d were removed owing to different filter sizes being used in collection. Sites were then redefined as open- or coastal-ocean sites based on the distance from major landmasses, with the furthest coastal distance being approximately 104 km. In addition, the metagenome from the Phosphorus Removing (EBPR) Sludge Community collection in Australia was downloaded on 2 September 2010 from Cyberinfrastructure for Advanced Microbial Ecology Research & Analysis. Mean annual nitrate concentrations from 10 m depth were downloaded from the National Oceanographic Data Center (http://[www.nodc.noaa.gov](http://www.nodc.noaa.gov)) and processed in ArcMAP 9.3.1 (ESRI Inc). G+C nucleotide data were obtained from Cyberinfrastructure for Advanced Microbial Ecology Research & Analysis curators.

Protein atomic composition analysis
-----------------------------------

Protein sequences from input files were analyzed based on the atomic composition of side chains. Each protein was analyzed separately for N, C, sulfur, hydrogen and oxygen content using the metric of number of *x* atoms per residue side chain (ARSC) as in [@bib4]. In addition, the metric of percent amino-acid usage was utilized as in [@bib21]. To compare different samples in these metrics, we determined the quantile distribution for all metrics and used Q(*x*~0.5~), the median value, for a given collection of proteins.

Atomic composition analysis: PathoSystems Resource Integration Center versus Moore
----------------------------------------------------------------------------------

All protein sequences from each database were collected and analyzed as above. Using pattern recognition, all proteins with 'transporter\' contained within the protein name were extracted from each database and analyzed as above with all residues and with only non-hydrophobic residues. Analysis of variance in conjunction with the multiple comparison test was used for statistical comparison. The comparison of genes related to urea and glutamate transport and assimilation in *Prochlorococcus* were done on the following genes: acetylglutamate kinase, bifunctional ornithine acetyltransferase/*N*-acetylglutamate synthase protein, ferredoxin-dependent glutamate synthase, glutamate-1-semialdehyde aminotransferase, glutamine amidotransferase class-I, putative aspartate and glutamate racemase:glutamate racemase, putative ATP-binding subunit of urea ABC transport system, putative ATP-binding subunit of urea ABC transport system, putative bifunctional dihydrofolate/folylpolyglutamate synthase, putative urea ABC transporter, UDP-*N*-acetylmuramoyl\--alanyl\--glutamate synthetase urease accessory proteins UreD,E,F,G and urease subunits alpha, beta and gamma. To test for correlation, Spearman\'s rank correlation coefficient was calculated.

Circos plots
------------

Gene locations were found on both leading and lagging strands using nucleotide annotations from GenBank and verified with pattern matching in simple cases, or an alignment algorithm in more difficult cases. In addition, amino-acid sequences were aligned with the corresponding nucleotide sequences based on name, file location and verified by translation of nucleotides. Using these data in combination with the N ARSC for each protein, Circos software circular plots were created with the following parameters: (1) a high (green) N content is anything greater than 0.408 N ARSC, (2) a low (red) N content is anything less than 0.318 N ARSC and (3) only proteins in the range (0.14, 0.59) N ARSC are shown (this remove 76/3986 data points but drastically improves visualizing the data). Values were chosen based on the mean and standard deviation of N ARSC across both *P. marinus* MIT 9313 and *P. marinus* CCMP 1986 strains 0.363 (±0.090) N ARSC. Subtraction plots were created using the *P. marinus* MIT 9313−*P. marinus* CCMP 1986 values of the non-hypothetical core proteins. Coloring was based on positive (green) versus negative (red) values.

Addition of distance from land data
-----------------------------------

The distance from major landmass was estimated using the Perl math package, specifically the great_circle_distance function with an average Earth radius of 6371 km. Site latitude and longitude coordinates were obtained from Cyberinfrastructure for Advanced Microbial Ecology Research & Analysis, and major landmass coordinates were determined using ¼° cells that are mapped as continental landmasses in the ESRI ArcData data sets. These data were then used to redefine coastal- and open-ocean collection sites and plotted against the median N ARSC, showing a negative correlation.

Creation of overlapping genomes
-------------------------------

All-against-all BLAST comparisons between two *Prochlorococcus* strains (MIT9313 vs CCMP 1986) were performed using protein sequences, and reciprocal genome-specific best hits were identified (*E*-value \<10^−5^). Core genome was determined from genes that were the best hit for the other.

Estimation of N requirements
----------------------------

Three parameters defined the model---G+C content (*G*~*i*~), cell size (*S*~*i*~) and genome size (*l*~*i*~). Normal G+C content was based on the G+C content of the GOS data used in these analyses (34%±4%), and high G+C content was based on *P. marinus* MIT 9313 (50%±4%). Cell size was based on the work of [@bib19], which determined the geometric mean of size was 0.048 μm^3^ for bacteria from a surface water Bermuda Atlantic Time Series Station sample, with an approximate lognormal distribution. Cell sizes were converted to a log (base 10) scale: average was −1.32 (±0.02) (0.048 μm^3^), small cell size was −2 (±0.02) (0.010 μm^3^) and large cell size was −1.21 (±0.02) (0.062 μm^3^). Genome size (2±0.2 Mb) of ocean samples was based on the estimates done by [@bib16]. Large genome size was set as the average of all genomes in [Supplementary Table S2](#sup1){ref-type="supplementary-material"} (9±0.2 MB).

Given these parameters, N content in one copy of the genome was calculated as follows:

The relationship between cell size and protein content for ocean microorganisms was calculated based on published data ([@bib35]) as follows, with being total mass of cellular proteins for the *i*th cell and *S*~*i*~ being cell size:

The relationships between G+C content and , N ARSC for the *i*th cell, and , average mass per residue for the *i*th cell, were calculated based on [Supplementary Table S2](#sup1){ref-type="supplementary-material"}:

Finally, these values were used to calculate the amount of N needed for the growth of one cell with the following stoichiometric ratios ( ) accounts for protein backbone N content:

Ten populations of 200 theoretical cells (parameters based on normal (lognormal for size) distributions with given mean and standard deviation as above) were averaged to determine approximate changes in N requirements for cells of different sizes and G+C contents.

Estimation of ocean diversity
-----------------------------

In order to verify the most abundant organisms in GOS, both coastal- and open-ocean, GOS protein fragments downloaded above were grouped by ocean location (coastal 8 606 573/open 6 995 092) and 100 random files of 20 000 protein fragments of at least 50 residues were compared with concatenated marine microbial genomes described above using BLAST. The top hit corresponding to each organism for each protein fragment (*E*-value \<10^−4^) was counted. This was used to calculate average percentages and standard deviations for organism occurrence.

Results and discussion
======================

Recent environmental genome sequencing from ocean habitats ([@bib38]) makes it possible to test if N cost-minimization is imprinted on genomes of microorganisms that inhabit oligotrophic environments where a majority of the surface water is depleted in NO~3~^−^ ([Figure 1](#fig1){ref-type="fig"}). The atomic composition of more than 20 million protein fragments from 15 coastal-ocean and 26 open-ocean sites from the GOS data set were analyzed ([@bib32]). For each site, we calculated the average number of N and C ARSC of each predicted protein. From these data, quantile distributions for N and C:N were calculated ([@bib4]). We show a selective reduction of N (and a concomitant increase in C:N) in side chains of amino acids from open-reading frames (ORFs; predicted proteins) of open-ocean microorganisms compared with organisms found in coastal-ocean environments ([Figure 2a](#fig2){ref-type="fig"}). The medians for all 41 stations are plotted in [Figure 2b](#fig2){ref-type="fig"}, where it is clearly evident that below 0.34 N ARSC the samples are predominantly open-ocean GOS sites. A sewage metagenome site---where there is presumably no N limitation---is plotted in [Figure 2b](#fig2){ref-type="fig"} for comparison. Similarly, median N ARSC is significantly and negatively correlated with distance from land and positively correlated with 10 m annual nitrate concentration ([Figure 3](#fig3){ref-type="fig"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). These data suggest that organisms living in open-ocean environments have reduced N content in their protein biomass, which can account for up to 50% of the cellular mass (*cf*. [@bib11] for an in-depth analysis).

There is a strong relationship between the increased N ARSC as microbial communities are sampled closer to coastlines ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), but environmental genomes sampled for the GOS are only an estimate of the population through DNA sequencing. More than likely, this has little relationship to *in situ* physiology and the pathways and proteins that are active and abundant in these cells. A compilation of data on marine microbes (curated from the Moore Marine microbe sequencing initiative), focusing on atomic properties of the predicted protein, reveals the diversity of amino acid usage, G+C content and genome size of organisms found in coastal and open oceans ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). These organisms are ranked based on bootstrapped estimates of their presence in GOS coastal- and open-ocean samples. Not surprisingly, there are significant relationships between the G+C content of genomes and amino-acid usage and N ARSC ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). For example, the commonly substituted (biochemically similar; [@bib6]) amino acids lysine (K) and arginine (R) are significantly correlated with G+C ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). K is inversely related while R is positively correlated. Thus, low G+C-containing organisms use K over R preferentially and save 2 mol N for each mol of K used over R. This significantly impacts the N budget of the cell---the modeled amount of N needed in proteins and nucleic acids is positively correlated with G+C ([Table 1](#tbl1){ref-type="table"}). This results from codon preference and amino-acid substitutions over evolutionary time favoring less nitrogenous amino acids. Nitrogen costs, on average, decrease as G+C content, cell size and genome size decrease ([Table 1](#tbl1){ref-type="table"}). These changes are in addition to short-term adaptive mechanisms that cells utilize to conserve N during N limitation ([@bib17]).

Three important organisms in the surface open ocean---*Ca. P. ubique*, *P. marinus* (specifically, strains MIT9312 and CCMP1986) and *T. erythaeum*---all have low G+C content, despite broad phylogenetic and metabolic differences. The SAR11 clade of alphaproteobacteria (of which *Ca. P. ubique* is a member) are some of the most abundant organisms in the ocean ([@bib18]). These genomes are characterized by reduced N ARSC and increased average mass of amino acids. Low G+C codon usage and lower N ARSC come at a cost: increased average mass of amino acids ([@bib3]; [Supplementary Tables S1 and S2](#sup1){ref-type="supplementary-material"}). There is a paradox if we consider cost minimization based on ATP, NADH or other energetic units: these costs streamline metabolic efficiency and decrease the average mass of amino acids, especially in highly expressed genes ([@bib1]). Our results from analyzing the GOS data set ([Supplementary Tables S1 and S3](#sup1){ref-type="supplementary-material"}) and the success of *Pelagibacter*, *Prochlorococcus* and *Trichodesmium* in the open ocean ([@bib9]; [@bib10]; [@bib27]) suggest that N cost minimization is crucial in microbes inhabiting marine surface waters despite potential decreases in fitness from the increased average mass of proteins. Not one simple mechanism---loss of DNA-repair enzymes as hypothesized in *Prochlorococcus* CCMP1986 ([@bib31]) or other non-repair-based mechanisms in *Pelagibacter* ([@bib18])---can explain G+C reduction in genomes of dominant marine microbes. Thus, the convergence of outcomes of many successful open-ocean microbes with low G+C content adds to a parsimonious explanation of N conservation. Regardless of the mechanism, the net effect is a trade-off between the decreased N content in proteins (and only slightly so in nucleic acids, \<10% of the change from 50% to 34% G+C is attributable to nucleotides, given all other things held constant ([Table 1](#tbl1){ref-type="table"})) and an increase in biosynthetic cost (for example, ATP and NADH) of larger amino acids.

Differences in N content of proteins and average mass of amino acids between *P. marinus* MIT9313 (higher G+C contents, low-light adapted) and *P. marinus* CCMP1986 (lower G+C contents, high-light adapted; [Figure 4](#fig4){ref-type="fig"}) are not a function of gene content. The average N ARSC for each protein is significantly different between the two strains ([Figure 4](#fig4){ref-type="fig"}), predominantly due to amino-acid usages based on G+C content. However, *Prochlorococcus* strains share a large core genome. We compared only the 1286 ORFs in common among the two ecotypes and homologous proteins involved in urea and glutamate metabolism and assimilation ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}; [Figure 4](#fig4){ref-type="fig"}). The high-light strain (CCMP 1986) that only grows on ammonium has significantly fewer N atoms in proteins but must build on average, larger proteins. Proteins in the core genome are almost 3% larger by mass (*P*\<0.01, [Supplementary Table S5c](#sup1){ref-type="supplementary-material"}).

Since there is a fitness trade-off between the reduced N content of proteins and metabolic cost increases of making large amino acids in those proteins, we expect there to be a more pronounced balance of N and energy cost in proteins that are highly expressed and highly conserved across phylogenetic boundaries. The metaproteome of SAR11-related organisms from the oligotrophic Sargasso Sea is dominated by transport proteins, chaperones and membrane proteases ([@bib37]). These data suggest that microbial community function in resource-limited environments is focused on resource acquisition, assimilation and protein maintenance compared with resource-rich environments dominated by ribosome synthesis and other activities to increase the growth rate ([@bib23]; [@bib11]).

We compared transport, chaperones and N-assimilation proteins as subsets of the whole genome N ARSC, hypothesizing that the link between resources and cost-minimization would be substantiated in abundant and highly conserved proteins that were further N-cost minimized. The median N ARSC value for 44 transporter-related proteins in *Ca. P. ubique* is 15% lower (*t*-test *P*\<0.01) than the median N ARSC for the rest of the genome. This is partially a result of a high frequency of hydrophobic amino-acid usage in membrane-spanning regions, but there is also tremendous plasticity in transporter N ARSC values (10 × variation across all marine microbe transporters). Lower N ARSC values in transporters for *Ca. P. ubique* represent a savings of 14 mol N per mol avg. transporter protein compared with a mole of proteins of other function in an already cost-minimized genome (assuming 300 residues per protein). These proteins only nominally affect the N-budget and can be abundantly synthesized even under severe N stress; they are among the most abundant proteins identified in oligotrophic waters. Given the selective pressure to get energetic materials into the cell, especially in resource-limited environments, and the low N content of these proteins, we hypothesize that transporters evolved and diversified rapidly in these low-nutrient environments. Transporters are cost-minimized with respect to the whole proteome, but this is only partially due to usage of hydrophobic residues. They are significantly cost-minimized for N when hydrophobic residues are excluded and also when marine transporters are compared with a broader group of microorganisms ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}). Thus, cells investing heavily in transport functions under N-limited conditions would have even lower N budgets for the cell than estimated in [Table 1](#tbl1){ref-type="table"}.

The membrane protease HflKC and chaperone proteins GroEL, GroES and DnaK also were abundant in the environmental proteome of the Sargasso Sea, indicating the probable importance of protein refolding and proteolysis under constant environmental stress ([@bib37]). The median N savings in this group of proteins in marine microorganisms versus non-marine organisms is 6 mol N per mol avg. protein. Previous analysis of *E. coli* and *S. cereviseae* genomes suggested that selection pressure to reduce the respective atoms in C, N and S assimilatory protein was high ([@bib4]). N cost minimization in the ocean is important and not limited to assimilatory proteins. Genes affected by this selective pressure should include environmentally relevant (and highly expressed) genes. N cellular budgets should be closely examined in the light of these findings.

What is the evolutionary/geological time context for N cost minimization? The divergence of *Synechococcus* and *Prochlorococcus* approximately 150 mya and subsequent divergence of the high-light ecotype of *Prochlorococcus* from the more diverse low-light clade ([@bib12]) ∼80 mya are a result of the rise in dominance of eukaryotic phytoplankton and changing biogeochemical conditions affecting marine microbes ([@bib15]). The Mesozoic Era (∼250--65 mya) saw a diversification of red plastid-containing phytoplankton in the ocean ([@bib15]), fundamentally altering the ecology of the surface ocean. This shift to stochastic, opportunistic resource utilization and greater episodic export events put significant pressure on cyanobacteria by changing the nutrient profile for silica, nitrate and dissolved Fe in the upper water column. The decrease in N and Fe had to be a significant selective pressure on cyanobacteria and helped cause differentiation of *Prochlorococcus* from *Synechococcus* ∼150 mya ([@bib12]). These ancestral *Prochlorococcus* cells were probably very similar to strains MIT9313 and MIT9303, were low-light adapted and found success away from the increasing area of continental margins that occurred in the late Cretaceous. Low-light-adapted *Prochlorococci* used dissolved free amino acids, NO~2~^−^ and ammonium, as sources of N. Genome reduction and changes to DNA repair mechanisms possibly involved in G+C--A+T mutations further streamlined the genomes, caused ultra-specialization, and maximized metabolic efficiency. A consequence of decrease in inorganic N and dissolved Fe (either from increased diatom productivity or from specialization in oligotrophic water) was pressure to further reduce metabolic costs in the cell associated with these elements. Thus, transporters, N-assimilation proteins and chaperones are all reduced in N compared with already streamlined genomes. Diversification into high-light environments inherently reduced the Fe quota in the cell, thereby offsetting the move to an even lower dissolved Fe environment (the upper 10 m of the water column). Further adaptations to Fe-depleted waters were revealed in two newly identified high-light, low-Fe clades of *Prochlorococcus* from parts of the Pacific and Indian Oceans ([@bib33]). A combination of genome reduction, use of A+T-rich codons and accelerated rates of evolution in proteins ([@bib12]) that clearly favored reduced N ARSC are hallmarks of the evolution of *Prochlorococcus*. The combination of high surface area-to-volume ratio and minimized N in proteins makes the high-light-adapted clade of *Prochlorococcus* one of the most abundant organisms in warm, oligotrophic surface waters ([@bib29]). In fact, this combination contributes to the success of *Trichodesmium*, *Ca*. *P. ubique*, certain *Prochlorococcus* and other microorganisms that seek refuge in oligotrophic oceans. Streamlined genomes, A+T-rich codon usage and N-cost-minimized proteins---especially in highly expressed genes---make these organisms well adapted to oligotrophic conditions. More work clearly needs to be done on the intriguing links between N ARSC, G+C content and Fe quotas, as they are integral to oligotrophic ocean photoautotrophy.

These results suggest a rule of success in oligotrophic oceans: minimize N costs in proteins. Nitrogen cost minimization represents a potentially stronger selective pressure on protein atomic composition than biosynthetic cost minimization to the lower average mass of amino acids.
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![Annual 10 m nitrate concentration for world oceans. Red dots are GOS sampling sites used in our analyses.](ismej201172f1){#fig1}

![Nitrogens per amino-acid residue side chain for GOS environmental genome data. (**a**) Quantile plots of the average number of nitrogen ARSC for GOS stations. Red lines represent coastal-ocean sites from the GOS data set as defined in Materials and methods. Blue lines are from open-ocean sites. (**b**) The median N ARSC for each GOS site and one from a sewage metagenome. The color reproduction of this figure is available at the *ISME Journal* online.](ismej201172f2){#fig2}

![Median nitrogen ARSC as it correlates to proximity of landmass. The correlation between the nearest land mass and median N ARSC for each GOS metagenome station. Spearman correlation coefficients are presented in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.](ismej201172f3){#fig3}

![Circular genome plots of *Prochlorococcus marinus* ecotypes. (**a**) Coding (gray) and non-coding regions (red=leading strand, blue=lagging strand) for the *P. marinus* ecotype MIT 9313. Additional data are available in [Supplementary Tables S4 and S5c](#sup1){ref-type="supplementary-material"}. Averaged nitrogen ARSC for each ORF is plotted as a colored bar graph, with green indicating high nitrogen ARSC and red indicating lower as in Materials and methods. The concentric rings scale represents an increase of 0.03 N ARSC. (**b**) As in (**a**), but for the *P. marinus* ecotype CCMP 1986. (**c**) As in **a**, but bar graphs represent subtraction of strain MIT9313---CCMP1986 N ARSC values for all genes in the core genome (1286) excluding hypothetical proteins. Green indicates positive values and red indicates negative values. The concentric rings scale represents changes of 0.03 N ARSC. (**d**) Same as **c** except representing the average amino-acid mass difference for strain MIT9313---CCMP1986. The concentric rings scale represents changes of 3 g mol^−1^.](ismej201172f4){#fig4}

###### Protein requirements in theoretical marine microorganism populations determined by modeling

  *Description*                  *Cell size (μm^3^)*   *Genome size (Mb)*   *G+C (%)*   *Total protein mass (fg cell*^*−1*^*)*   *N ARSC*        *Average mass (g mol*^*−1*^*)*   *Nitrogen requirement for protein (fmol cell*^*−1*^*)*   *Nitrogen requirement for DNA (fmol cell*^*−1*^*)*   *Nitrogen requirement for protein+DNA (fmol cell*^*−1*^*)*
  ------------------------------ --------------------- -------------------- ----------- ---------------------------------------- --------------- -------------------------------- -------------------------------------------------------- ---------------------------------------------------- ------------------------------------------------------------
  Average open ocean             0.0488±0.0008         2.01±0.01            34.0±0.2    14.833±0.145                             0.3377±0.0002   113.03±0.04                      34.443±0.337                                             4.802±0.029                                          39.245±0.346
  Open-ocean high G+C            0.0495±0.0007         2.00±0.01            49.9±0.2    14.941±0.130                             0.3521±0.0002   110.62±0.03                      35.831±0.308                                             4.898±0.036                                          40.729±0.304
  Open-ocean high cell volume    0.0634±0.0011         2.00±0.01            34.1±0.3    17.282±0.180                             0.3378±0.0003   113.02±0.05                      40.138±0.425                                             4.785±0.033                                          44.923±0.435
  Open-ocean large genome size   0.0491±0.0008         3.90±0.01            34.1±0.2    14.875±0.130                             0.3377±0.0002   113.02±0.04                      34.543±0.313                                             9.332±0.027                                          43.875±0.306
  Ideal open ocean               0.0103±0.0002         2.01±0.02            34.1±0.3    5.929±0.060                              0.3378±0.0003   113.02±0.05                      13.769±0.142                                             4.796±0.044                                          18.565±0.169
  'Coastal\' ocean               0.0635±0.0009         3.90±0.02            49.9±0.3    17.303±0.140                             0.3521±0.0002   110.62±0.04                      41.495±0.330                                             9.526±0.040                                          51.021±0.318

Abbreviations: ARSC, atoms per residue side chain; N, nitrogen.

Parameters and calculations based on observed relationships and previously published data as described in Materials and methods.
